Purpose Our aim is to define the role of embolization in the treatment of aneurysmal bone cyst of the spine in order to include this option in the decision making process. Methods
Introduction
Aneurysmal bone cyst (ABC) is a benign cystic lesion of bone, composed of blood-filled spaces separated by connective tissue septa containing fibroblasts, osteoclast-type giant cells and reactive woven bone [1] . Its origin is unknown. It was first described by Jaffe and Lichtenstein [2] in 1942, when it was differentiated from hemangiomas and other tumors with giant cells. It can occur as primary bone lesion (which consists of 70 % of the cases), or secondary (in about 30 % of the cases) [1] , when ABC-like areas are found inside other bone conditions (giant cell tumors, chondroblastoma, osteoblastoma, telangiectatic osteosarcoma) [3] .
Primary ABC is a rare entity and is included among benign tumors (representing 1.0-1.4 % of all primary bone tumors) even if its origin could not be neoplastic [1] . The metaphyseal region of long bones are most likely to be affected, especially femur and tibia [1] . 10 to 30 % is located in the mobile spine and corresponds to 15 % of all primary spine bone tumors [4] .
As a benign lesion, ABC can be classified according to Enneking [5] in stage 1 (benign latent), stage 2 (benign active) and stage 3 (benign but locally aggressive). Some lesions can present with a very rapid growth and local aggressiveness. The most common symptom is local pain and swelling; however, when it is localized in the spine, it can cause cord or root compression associated with neurological deficit, deformity and instability.
Most cases are identified in the first two decades of life with predominance between 10 and 20 years of life. It rarely occurs after 30 years of age, even though it has been described in patients older than 50 years old [1] . Diagnosis is achieved by biopsy on histologic typical pattern, but imaging is sometimes pathognomonic when ''fluid-fluid'' levels are found, in computerized tomography scan (CT) and conventional radiography (X-ray), confirmed in magnetic resonance images (MRI).
The treatment of ABC varies widely. Options for treating ABCs have included simple curettage with or without bone grafting, complete excision, embolization, radiation therapy, or a combination of these methods [3, 4] . Progression to malignancy has been described in the literature after treated with radiation therapy [6] [7] [8] . Although there are good results regarding the type of treatment, local recurrence has been described within all protocols of therapy and cannot be predicted. The cases treated by ''en bloc'' resection were never followed by recurrence, but this treatment possibly exposes the patient to high surgical morbidity [9] and theoretically could be considered as overtreatment.
Because ABC is a relatively rare lesion, most of the reports found in the literature are small series of cases or retrospective series analyses. There are six major retrospective series reports [3, 6, 8, [10] [11] [12] . In the previous article published by the senior author [3] , a retrospective report on a series of 41 patients that were treated by all sorts of therapeutic modalities, showed that good results can be obtained independently by the type of treatment performed. The authors also concluded that selective arterial embolization (SAE) should be the first choice of treatment for most of the patients with ABC in the spine, because of the low cost-to-benefit ratio.
Based on this conclusion, a prospective study was designed and started in 2004. The aim of the study was to answer the research question: can SAE heal ABC? All the eligible patients with a diagnosis of ABC were treated with embolization, possibly repeated.
Methods
The inclusion criteria were primary ABC lesions of the mobile spine, no previous treatment, no pathological fracture, neither instability (defined according to SINS, Spine Instability Neoplastic Score [13] : score inferior to 12) nor symptomatic cord compression.
All the eligible patients referred starting April 2004 were submitted to the same diagnostic protocol including: standard radiograms, CT and MRI. Histological diagnosis was confirmed by the same pathologist on a specimen achieved by CT scan guided biopsy.
The therapeutic protocol includes: embolization by the same neuro-radiologist according to the technique later described, repeated each 8 weeks until the appearance of radiographic signs of healing.
In the period from April 2004 to November 2009, seven consecutive patients (Table 1 ) with primary and intact ABC lesions in the spine entered the study. In the considered time no case occurred with exclusion criteria, except two cases occurring in the sacrum. ABC of the sacrum is associated with different clinical and therapeutic problems.
There were four women, and three men, with the mean age of 17 years ranging from 6 to 41. Three cases occurred in the cervical spine, two in the thoracic, two in the lumbar spine.
A gradual onset of pain (mean 39 weeks, range 12-78) was the constant symptom.
The extent of the lesion was described in CT scans axial view according to the Weinstein-Boriani-Biagini system: in five patients the epidural space was involved (layer D) [14] .
Nerve root compressions were observed in three cases. A case of CT scan detected cord compression (Fig. 5 ) was not considered a contraindication to inclusion in the protocol as he just complained of some lower legs subjective feeling of weakness without any objective clinical sign or reflex change.
Treatment protocol
After the first embolization, the patients had to be reviewed after 8 weeks, CT scan and/or MRI carefully observed to detect any sign of peripheral ossification or progression of the disease and angiogram to evaluate the ABC vascularization. If progression is seen with volume increasing, instability or neurological deterioration, cross-over to surgery had to be considered. Conversely, a second embolization is performed. This process had to be repeated as many times as necessary as long as consistent signs of healing are observed. Based on the previous experience, signs of healing are defined as: peripheral sclerotic bone rim formation, shrink of the ABC mass, disappearance of the double content image, and bone formation inside the ABC mass.
Once these images achieved, the patient had to be followed for 2 further years each 6 months with MRI. 
Angiography and embolization technique
All patients underwent angiography and embolization under local anesthesia and with intravenous analgesia when necessary. The angiographic protocol included selective angiography of the vertebral arteries, thyro-costocervical trunks, ascending cervical arteries and external carotid arteries on both sides for cervical lesions; vertebral arteries, and supreme intercostal arteries for upper thoracic lesions; the segmental arteries within at least two levels above and below the tumor site for thoracic and L1 lesions; upper and the lower lumbar arteries for lesions from L2 to L4. In our series, the arteries supplying tumors in C4 and C7 originated from the ascending cervical artery and thyrocervical trunk, while in C5 from the vertebral artery and the thyrocervical trunk. All feeding arteries in tumors from thoracolumbar spine arose from the intercostal or lumbar arteries.
Special attention was paid to identification of the anterior spinal artery (ASA), because inadvertent embolization may injure the pyramidal tracts and cause a severe motor deficit. The presence of an ASA at the same pedicle is an obvious contraindication for embolization. In addition, particular caution must be taken when attempting embolization of the feeders in the adjacent levels because of the numerous collateral branches surrounding the vertebral column and to avoid accidental diffusion of embolic material to the nearest metameric artery from which the ASA arises (especially when located below).
Selective arterial embolization
A total number of 23 embolizations were performed. The technique includes microcatheterization and infusion of embolic agents only into the feeding arteries via the microcatheter thus sparing normal uninvolved arteries (Fig. 1) .
Selective arterial embolization procedures were performed using particles (14 cases) and acrylic glue (11 cases); in 5 cases the embolic materials were used simultaneously in the same session.
The particles were nonabsorbable tris-acryl gelatine microspheres (TAGs), ranging in size from 100 to 300 lm (Embosphere Ò ). Particles have several advantages like good penetration within the lesion, easy to handle and available in different sizes depending on the type of pathological circulation. Yet, they do entail some disadvantages.
• Make the embolization ''unstable'': recanalization of the thrombosed vessel is readily triggered by a proteolytic enzyme cascade at different times after embolization depending on the type of particles injected.
• Small particles have the advantage of good intralesional penetration, but they can lead to hazardous embolization of unplanned locations through invisible shunts in intra and extracranial locations or in the spinal cord; on the contrary larger particles (250-350 micron or more) are safer, but tend to agglutinate allowing a more proximal embolization.
In view of these drawbacks, when the characteristics of tumor vascularization and flow are amenable, we prefer to use acrylic glue like Glubran 2 Ò (GEM Srl, Viareggio, Italy), suitable for permanent SAE of the pathological circulation, good tumor penetration even into minute comb-shaped vessels, resembles the angiographic image of superselective catheterization and avoids the too distal embolization typical of particles.
Intravascular penetration closely depends on dilution with Lipiodol Ò (Guerbet, Roissy CdG Cedex, France) that was mixed at different concentrations (1:1, 1:2, 1:3). A high dilution of the glue (Glubran 2 Ò :Lipiodol Ò mixture of 1:3) proved especially useful for easier, more effective penetration to reach more distal branches and was the mixture rate most often used by us.
Injection
One patient, after four SAE, underwent direct percutaneous injection into the cyst via a 18 G needle, with a mixture of Glubran 2 and iodized oil, under CT guidance.
Coil
In one patient with C5 tumor (Fig. 2) , the vertebral artery was occluded with detachable coils (GDC Ò , Boston Scientific, Natick, Massachusetts).
In the diagnostic phase the caliber of the contralateral vertebral artery was verified: it was larger than the vertebral artery to be occluded, a temporary vertebral artery occlusion test was not considered necessary. A 5F guidecatheter was placed at the origin of vertebral artery, then the microcatheter for coil detachment was pulled in close proximity to the level of C1/C2 (V2-V3 angle), below the posterior inferior cerebellar artery (PICA) origin, to form a stable anchor in the artery at this level. For this purpose, a spiral coil of a slightly oversized dimension was chosen and built a stable basket by pull-and-push movements of the microcatheter. Before coil detachment, the stability of the basket was verified and the clinical status of the patient as well for at least 10 min. Creation of the distal coil basket was followed by placement of a series of microcoils until occlusion was deemed to have been obtained. No neurological symptoms occurred after coil embolization.
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Mechanical dissection
Embolization was contraindicated in three cases by the presence of the ASA arising from the same pedicle feeding the lesion. The small feeders were occluded by mechanical dissection due to the microwire. The occlusion was stable and effective for the purposes of the procedure.
Control angiography
Irrespective of the chosen SAE technique, a repeat angiogram was obtained immediately after embolization.
Results
The hospital discharge protocol included standard radiograms and CT scan for all patients every time that they were submitted to embolization. The mean duration of hospitalization was 2.2 days, varying from 2 to 5 for each time that the patient was submitted to the procedure. All the patients were followed prospectively, with the follow-up time ranging from 24 to 64 months (average 46 months) after the occurrence of healing images.
CT evidence of regression and recalcification of the lesions was noted in all patients at last follow-up. No complications related to the embolization were observed. Three patients with a SINS between 8 and 12 were included in the protocol and gained full stability after the treatment.
The cervical spine of one of these patients (D.B.M.L.) was immobilized with a Halo-vest the first 45 days, then with orthosis until healing of the lesion occurred at 11 months after the first SAE. She is continuing disease free at 62 months of follow-up (Fig. 3) .
In two patients with nerve root motor weakness, embolization was performed with the improvement of neurological symptoms and healing.
One patient with a L3 lesion (C.G., Fig. 4 ) had been referred with a huge mass compressing the L3 nerve root and provoking pain and quadriceps weakness (2/5). These symptoms improved since the first SAE. Despite this he had recurrence of pain after three embolizations. He was submitted to another SAE, which was followed by relief of the symptoms. Afterward he underwent six direct injections of acrylic glue, until his lesion was considered clearly regressed and he was completely symptom-free. He was further followed for 42 months after last SAE without any detection of evidence of disease.
The second case (C.G.) presented with a moderate C5 root pain and deltoid weakness (3/5). After three embolizations, she was completely pain-free with full motor recovery. She was still free of symptoms at 52 months of follow-up.
One case (D.G., Fig. 5 ), presented with root pain and subjective lower limbs weakness at the admission (motor function 5/5), was submitted to five embolizations of an ABC located in T5-T6. After the first embolization the cord compression signs are gone, while was reported an incomplete pain improvement after the last procedure even though that there was a considerable improvement in the radiological images. This patient was complaining back pain for 6 more months, fully disappearing at the last follow-up (24 months).
All of the patients presented satisfying evolution, and none crossed to surgical option. There were no recurrences or progression of the disease in any of the cases until the last follow-up.
Discussion
ABC of the spine can be a very challenging surgical due to the expected profuse intraoperative bleeding from the cyst [15] . The current methods of treatment include curettage (intralesional excision) with or without stabilization [4, [15] [16] [17] [18] , resection [4, 17] , intracystic injections [19] , and SAE [20] . Several complications were associated to more aggressive modalities of treatment, including massive bleeding, limitation of growth and range of motion in cases of arthrodesis, and even fatal event after resection [8] . The only treatment free of recurrence is ''en bloc'' resection, however, due to the benign histology of the tumor and the good results achieved with other less aggressive treatments, ''en bloc'' resection should be considered an overtreatment and performed only in very selected cases, as in posteriorly located lesions where the amount of bleeding would be less than curettage. Good outcomes have been reported after intralesional curettage and fusion in children [21] , even such aggressive approach should be avoided in growing spine.
Radiation therapy has also been used, with good results, but due the risk of radio induced sarcoma and cord myelopathy this procedure should be considered only when all other treatments fail [1, 22] . In one of the cases treated in our Institution before 2004, acute leukemia followed RT performed on a C2 recurrent ABC. Radiation therapy [23] was decided as three intralesional excisions could not control the disease. Leukemia regressed after medical oncology treatment and the ABC did not show any sign of evolution 8 years after RT. Since that experience we decided to approach this lesion (which is mostly considered not even a tumor but rather a pseudo-tumoral hyperplastic condition) by a less aggressive strategy. In our critical analysis we re-considered the historical experience, published in a previous article [3] : 41 patients treated by all sorts of modalities (including SAE alone) had good evolution regardless of the used technique. So we decided to adopt the less invasive strategy.
In the literature, SAE was first used to reduce the intraoperative bleeding, and for palliative or curative in very selected cases [12, 20, 24] . The first case fully treated with SAE was reported in 1990 by DeRosa et al. [25] . Later on, several papers reported good results in patients treated only with SAE [3, 7, 12, 20, 24, 25] . Marushima et al. [26] recently reported a case of 12 years old boy, with a T10 lesion treated only with one SAE that showed regression of the lesion and decompression of the cord. The patient was still disease free after 3 years of follow-up, and had returned to his normal daily activities. The limit of the procedure is the risk of embolization of the Adamkiewicz artery [26] . In case of detecting the feeding artery as branch of the artery to be embolized, the procedure must be aborted and the treatment crossing over to surgery.
The rationale for this prospective study is to assess the validity of SAE in the treatment of ABC to the purpose of finding a strategy allowing to heal the ABC avoiding the higher morbidity of the other treatment modalities.
The endpoint of the study was to observe the radiographic evolution of ABC submitted to repeated embolization till full healing. This could demonstrate the validity of SAE in the treatment of ABC.
All the cases here reported healed without need of surgery. No cross-over was required.
The limitation of the study can be represented by the different technical modalities of SAE, as described above, but this is related to the typical variability of this condition. The techniques must always be adapted to the disease and not viceversa.
Conclusion
Embolization is a safe and effective method of treatment for ABC. It should be the first option for the patients presenting without severe instability and or neurologic compromise. The protocol must include repeated procedures unless tumor progression, instability and neurological compromise occur. The morbidity of this protocol is far less than surgical and or radiation treatments. The limits are the long time of the treatment protocol (till 7 and more embolization) and the need of repeated imaging and angiographic controls. The procedure is precluded by the detection of arteries feeding the Adamkiewicz artery. The risk of cord ischemia and para/tetraplegia is by far higher by embolization of the AKA than by the surgical ligation of a radiculo-medullary artery feeding the AKA. Surgery can always be performed in case of unsuccessful evolution.
